There is a considerable disagreement in the literature on the description of lifetime 
I. INTRODUCTION
In this and the following paper we shall address a num- ber of what we believe to be unresolved questions in the description of core-valence-valence (CVV) transitions in metals. In the present paper we consider the principles of how core-level lifetime widths of shallow core levels in metals should be obtained theoretically and present ab initio results based on the linear muffin-tin-orbital (LMTO) repeated-cluster method. In the following paper' we will be concerned with the question to what extent Auger line shapes may be obtained from strict one-electron theory, possibly corrected by surface and mean-free-path effects, and the role of dynamical effects connected with the sudden disappearance of the core hole in the final state of the process. Throughout these two papers we will confine ourselves to the simple metals Li, Be, Na, Mg, and Al.
Preliminary results have been reported earlier at international conferences.
The lifetime widths of, say, the 1s core level in Li might seem to be a rather uninteresting quantity, giving rise to a mere broadening of a deep-level spectrum.
While this is the case for x-ray-photoemission (XPS) and soft-x-ray-absorption (SXA) spectroscopy connected with the core-hole -creation process, the lifetime enters in a more interesting way in the description of secondary spectra such as x-ray-emission and Auger emission spectra connected with the subsequent decay of the core hole.
When the core-hole lifetime is not too long or not too short compared to the time needed for the system to relax in the core-hole potential, interesting dynamical effects originating from partial core-hole relaxation have been predicted and observed in both x-ray-emission and Auger emission spectra. ' The core-hole lifetime monitors the degree of relaxation seen in these secondary emission spectra. In this regard the lifetime of holes in the uppermost core shell in a simple metal is of special interest since these lifetimes are generally believed to be of the same order as the lattice relaxation time, i.e. , corresponding to widths of the order 10 eV. ' ' Conceptual difTiculties arise mainly for core levels that decay via core-valence transitions, since in that case the valence electrons play a dual role in that they participate both in the core-hole annihilation and the core-hole relaxation processes. According to these general theories, which are developed to cope with dynamical effects in secondary spectra and with resonance phenomena, the lifetime width is to be identified with the core-hole annihilation rate, not with the coreelectron self-energy as has been done in most previous calculations. Due to, e.g. , shakeup of electron-hole pairs, the latter quantity would be nonzero even if the core hole did not decay at all~The identification of the lifetime widths with a total annihilation rate (or total yield), on the other hand, is exactly what simple physical intuition would suggest. Further, one can show that for lifetimes which are long compared to the relaxation time, the widths (I ) should be evaluated from a wave functioñ 0*) with a completely relaxed core hole. Introducing a "decay" operator I which gives the core-hole annihilation rate for arbitrary (core-hole) X-electron states, we thus have r-= r"=&o*~r~o*) .
Specializing to a one-electron picture and to Auger decay, Eq. (1) Fig. 1 . In mean-field theory these are to be evaluated with independent-electron propagators for the core-hole system. Choosing a one-particle basis which makes these propagators diagonal we find that the The function g & can be written X dtGk t G& t G& -te which is readily found to reproduce the direct part of the independent-electron result in Eqs. (1) - (3) ( G is a valence-electron propagator). In a similar way we find that the diagram to the right gives the exchange part. Let us now consider the effects of replacing the bare interaction U by the screened one [8'(co) ]. An easy calculation shows that the diagram to the left now gives the contribution (14) in terms of the self-energy X&(t) [=X(t+,0 ) In such systems we might expect important effects also for the total Auger rate from (valence-) hole-hole interactions.
It remains to discuss the choice of core-electron energy in the resulting mean-field expression for the yield Eqs.
(1) -(3). The proper choice is of importance for very shallow core levels like the L, 2 3 level in Na. It follows readily from the structure of the theory that the correct energy in the general expressions, Eq. (15) (25) and (26) Here 8, is a Cartesian component of g"r", and a is the fine-structure constant, a =, 37 Specializing to oneparticle theory and to cubic symmetry the length formula simplifies to s'"'(~) =4~'~'y I &k fz fc) I' S(. , +~-.
Taking Pk to be a muffin-tin wave function this can be simplified further by a similar technique, as was used above for the Auger rates. In the present case the reduction is much simpler and details are available in the literature, so we just give the final result I'"'(co ) =-', a co g Di ( c, +co ) The difference between the length and velocity results is no consequence of our basic description, expressed in Eqs. (4) - (6), but occurs because we compute spectra from variational estimates to the eigenstates in the subspaces n, =0 and n, =l. The velocity form is less sensitive to the core energy c, and is generally believed to be more accurate in nonconserving approximations. is the radial matrix element.
Provided we use the actual one-electron eigenvalues ck and e" the length and the velocity formulas give the same result for local potentials. If we instead use 'the experimental core-electron energy c, or a theoretical value computed by other means, the velocity formula gives a result which differs from Eq. (29) by the factor
V. THE REPEATED-CLUSTER METHOD FOR IMPURITIES
In this section we will give some further details concerning our one-electron calculations. Our description here also applies in appropriate parts to the calculation of ground-state orbitals used in the following paper. As we saw in Sec. II we require wave functions corresponding to a core-hole impurity in the central cell. In a metal the core hole is screened within the central cell, and thus the impurity potential is very localized. A conceptually simple way of dealing with this problem, used earlier by von Barth and Grossmann, ' consists of constructing a cluster of atoms, choosing one of them to contain a core hole, and repeating it so as to form an infinite solid. In this way we can perform an ordinary self-consistent bandstructure calculation with this cluster as unit cell. For the band-structure problem we have used the well-known method of linear combination of mufTin-tin orbitals (LMTO) which gives comparable results to any other method and is quite efficient in terms of computing time.
We have used the atomic-sphere approximation (ASA), and corrections to this have not been included. In the usual LMTO method the wave functions are expressed in the radial solutions and their energy derivatives at a fixed energy. In order to improve the accuracy for states far out in the Brillouin zone we have adopted a renormalization procedure due to von Barth and Grossmann. ' Thus, after each eigenvalue diagonalization we reconstruct the wave function from radial solutions at the correct energy and the MTO expansion coeKcients. In this way we obtain wave functions much closer to those obtained from the KKR-ASA (KKR denotes Korringa- Kohn-Rostoker) method. We expect to obtain accurate enough wave functions from this method with a few atoms in the cluster in view of the short screening length in free-electron-like systems.
In fact, we have used 15 ground-state atoms surrounding the impurity for all the systems considered here.
For the case of Na we have also compared the selfconsistent supercell results for the impurity with the results obtained by using a self-consistent spherical-solidmodel (SSM) potential, " properly modified for solids. ' We have found that the results for the partial density of states and electron occupancies obtained by this method agree very well with the LMTO results. This gives us more confidence as far as the size of the cluster is concerned since the SSM is simulating the infinite dilution limit and is known to give good potentials for simple metals.
The clusters are chosen by doubling the size of the conventional unit cell in all directions and then choosing an appropriate primitive cell for the cluster. For the bcc systems we find a sc cluster, for the fcc systems we find a bcc cluster, and for the hcp we obtain a hcp cluster, all of them containing 16 atoms. We then solve selfconsistently for all the atoms in the cluster until the root-mean-squared value for the difference in potential between two successive iterations is less than 0.001 Ry.
We have used 56 k points in the supercell irreducible wedge for the sc cluster, 55 k points for the bcc cluster, Table III .
VI. RESULTS
We present our results in Table IV These dynamical phonon effects discussed above seem also to be present in Na, although they are much weaker.
By analyzing these effects also in Na, Callcott et al. obtained a value of 10 meV (Table IV) . Owing to the small size of the phonon effects in Na in comparison with other broadenings this value is, however, far less certain.
We also include previous theoretical work in Table IV .
We note that the values are heavily scattered. We also note that all of them are to be compared to our values obtained without core-hole relaxation effects. As far as the values by Glick and Hagen and by Bose are concerned, a comparison is not really meaningful, as these authors actually do not calculate the core-hole lifetime. We observe that Bose, by a slight variation of the GH procedure, obtained a lifetime width of the 2p level in Na about as large as the entire valence-electron bandwidth, which again illustrates the basic incorrectness of their approach.
We finally turn to the radiative sublevel widths calculated from the velocity formula (Table VI) . We notice the large screening effects for Li and Be, which again shows that the p states are rather easy to deform. The 1. 23 (I ii ) and thereby also the line shapes in a rather direct way. We feel the main uncertainties in our calculations lie here. We judge the approximation using a repeated cluster to obtain the impurity wave functions to be less important, at least as far as total yields are concerned. In calculations of satellite spectra from multiply ionized cores, such a treatment, however, may give, e.g. , a slightly incorrect bandwidth and some structure arising from the remaining but small impurity-impurity interaction.
